We have developed a heat shield based on a metamaterial engineering approach to shield a region from transient diffusive heat flow. The shield is designed with a multilayered structure to prescribe the appropriate spatial profile for heat capacity, density, and thermal conductivity of the effective medium. The heat shield was experimentally compared to other isotropic materials. The experimental concept is depicted in Figure 1 . A hollow cylindrical shield is embedded in a solid host background block. Two ends of the block are placed at two different temperatures: the top side (heat sink) at T C = 0 • C and the bottom (heat source) at T H = 40
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Once the temperature gradient is verified to have stabilized, the temperature at the hot end is raised to T H = 50 • C. We define this instant to be t=0 and monitor the temperature at the center of the shield as the thermal gradient redistributes itself. An infrared camera is used to verify the initial thermal stabilization as well as to obtain the subsequent transient temperature maps.
An ideal heat shield would have a small thermal conductivity and a large heat capacity to resist heat flow while being able to absorb heat that is injected into it without raising its temperature significantly. Given that such an ideal material is nontrivial to find, we can attempt to emulate the characteristics of such a material using the concept of metamaterial engineering.
To alter and control heat flow, the effective thermal conductivity of the material has to be not only spatially varying but also direction dependent. 9,10 Such an anisotropic material can be constructed by discretizing the overall continuous material as a network of thermal elements in series and parallel. Viewing the overall material to be a polar grid resistor network with thermal resistances R r and R φ , radial and tangential components of the material conductivity σ r and σ φ and the unit cell elements are related by R r = ∆r/(σ r r∆φh)
and R φ = r∆φ/(σ φ ∆rh), where ∆r and ∆φ are step lengths in radial and tangential directions and h represents the thickness of the material in the z direction. 2,3 An anisotropic medium can be designed in this manner and its construction can be further simplified by the use of alternating isotropic materials as recently demonstrated both experimentally and theoretically.
6,7,11
The continuity equation without a local heat source is given by
where C is the specific heat and ρ is the material density. In the static case, the timedependent term vanishes, and the thermal conductivities of heterogeneous composite elements become the only relevant factors. However in a dynamic scenario considered here, the spatial distribution of density and specific heat also plays a significant role. 7,10 A layered structure provides the flexibility to control the distribution of such parameters while achieving anisotropic conductivity required for preferential guiding of heat flux.
The arrangement of the constructed metamaterial is schematically represented in Figure   3 2. The entire composite is assembled with concentric layers of polyimide films (Fralock, Cirlex) and copper sheets of varying thicknesses. In this transient heat shield investigation, the condition that the external thermal profile exhibits negligible perturbation, often used in the cloaking experiments, 6,7 is irrelevant. Therefore instead of enforcing strict 'invisibility' with a closed cloak, the effective medium here is designed to achieve 1) a decreasing thermal conductivity towards the outside to impede heat current, 2) an increasing heat capacity towards the inner region to absorb heat that diffuses in, and 3) an anisotropic conductivity profile that reroutes heat current from radial to tangential directions.
Step lengths (i.e. layer thicknesses) are chosen in order to balance these prescribed properties after parameter-sweeps with numerical simulations. We plot the simulated heat flux distribution at equilibrium in Figure 3 . The plot illustrates the rerouting of heat current that occurs via anisotropic conduction.
We have first simulated the expected thermal responses for four different hollow cylindrical shields and plot the respective temperature changes at the centers of the shields as a function of time in Figure 4 . The four materials that we have considered are polyurethane, copper, an imaginary material with the thermal conductivity of polyurethane and specific heat and density of copper, and the thermal metamaterial shown in Figure 2 . Relevant material properties used for simulation are shown in Table I Lines are guides to the eye.
computation time.
The polyurethane material has a low thermal conductivity and a relatively high specific heat. However due to its low density, the overall heat capacity is limited, and hence it does not constitute the most ideal shielding material in this configuration. Moreover since it is an isotropic material, there is not a way to help guide the heat flow away from the central region of interest. In the case of a copper shield, its high density makes up for the low specific heat. However its thermal conductivity is quite high. The combined effect is that, for the dimensions and the experimental configuration considered here with a well-defined heat source and a sink, the copper shield case requires more time to reach the asymptotic temperature and hence acts as a better shield than the polyurethane in this dynamic regime.
Not surprisingly the imaginary material performs much better than those two shields due to its low thermal conductivity and high heat capacity.
The metamaterial shield of Figure 2 performs better than the two shields made of polyurethane and copper. Comparing all four materials, another interesting feature is that the initial response to the external temperature change for the metamaterial case is much slower. The prescribed thermal inertia is such that the composite even outperforms the imaginary material for short time scales. This property is a direct consequence of the nonuniform spatial profile for heat capacity and thermal conductivity in addition to the anisotropic conductivity that encourages tangential rather than radial conduction for heat current.
For the experiment, we have tested three hollow cylindrical materials made of polyurethane, copper, and the metamaterial (consisting of polyimide and copper). The shields are indi- • C for all three cases, lower than the 5 • C expected from simulation. This is due to the fact the two end surfaces of the block in experiments are slightly higher and lower in temperatures than the actual heat sink and the source that they are respectively in contact with. As predicted in the simulation, the assembled metamaterial performs better than the other two shields made of polyurethane and copper. Although not as prominent as the simulation, the slower initial response to the external temperature change for the composite case can also be seen in the inset.
In conclusion, we have developed a heat shield based on a metamaterial engineering approach to shield a region from transient diffusive heat flow in the presence of a heat source and a sink. The shield is designed with a multilayered structure to prescribe the desired 
